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NASA TT F-11,797

AN EXPERIMENTAL INVESTIGATION OF THE EFFECT OF
MACH AND REYNOLDS NUMBERS ON THE STRUCTURE OF
A SUPERSONIC RAREFIED GAS FLOW IN THE
STAGNATION REGION OF A BLUNT BODY

A. V. lvanov

ABSTRACT. The effects of Mach and Reynolds numbers on the
structure of a supersonic rarefied gas flow in the stagna-
tion region of a blunt body are experimentally investigated.
The electron beam method which utilizes the attenuation of
an electron beam for the determination of density fields in
the stagnation region of a disk and a sphere is used here
in cases of various low-density flow regimes. Three series
of measurements were conducted. The analysis of the re-
sults shows: (1) the increase in shock wave thickness with
the decrease of density leads to the occurrence of relaxa-
tion effects in the compressed gas layer ahead of a body;
(2) with a further decrease in density the shock wave van-
ishes and the flow becomes a free-molecular flow; (3) the
ratio of the shock-detachment distance A to the length of

a free path A in a free flow may be considered as the

flow criterion for flow regimes taking place prior to
disappearance of the shock wave. However, the number of
collisions experienced by a certain molecule in passing
through a disturbed layer ahead of a body appears to be a
more rigorous criterion.

The use of the scattering of electrons from a collimated beam by gas
molecules present in the tested space makes it possible to determine the field
of local densities in the flow of a rarefied gas [1, 2]. This method has been
used to show that [2] when a blunt body is in a low-density supersonic air
flow the flow structure in front of the blunt body differs substantially from
that of continuum flow. In particular it was established that a significant
portion of the perturbed region in front of the body in the flow is filled
with a spread shock wave. According to measurements [2-5] the thickness d of
the latter is several mean free paths A\, in the incident flow, which is sub-
stantially greater than the length of the mean free path Ag behind a normal
shock. This shows that the estimates of Probstein [6], which are based on
the proposition that d = Ag, are incorrect.

If the experimental value of d =~ is used, the comparison of boundary
layer thickness § and shock wave thlckness d 1eads to the conclusion that the
thickness d must not be disregarded during the flow transition state. Further-
more the thickness of the shock wave increases more rapidly than the thickness
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of the boundary layer when the density of the incident flow is reduced. Con-
sequently it should be expected that, at some moment of time, d and § will both
be comparable to the value of the shock wave departure A from the body in con-
tinuum flow. The state of the gas in the vicinity of the frontal stagnation
point on the blunt body must, in this case, depend on the physical processes
which occur in the shock wave and the flow mechanism is indeed more complex
than that of the model proposed in [6].

Model oM M Ry Agnn | Ay
1 Disk 7.5 52 0.82 | 5.14
7.5 | 3.715—3.8 35 1.2 | 3.56
5 26 |1.2 |2.37
2.5 12 1.2 | 1.19
2 Sphere 1.5 100 0.4 | 3.3
7.5 |1 3.7—-3.8 52 0.82]1.65
1.5 35 1.2 1.17
3 Sphere | 7.5 2.6 0.33] 6
1.5 3.7 90—100 | 0.4 3.9
5.3 5.8 0.5 | 2.3

The density fields in front of a circular disk and a sphere were measured
experimentally in our work for different flow states in order to investigate
the variation in the nature of flow past a blunt body when the density of the
incident flow is reduced. The temperature of the model was approximately equal /109
to the stagnation temperature and consequently the simulating conditions were
those for flow around a thermally insulated body. The Knudsen number was
varied by varying the Mach number M and the Reynolds number Re.

Three series of measurements were carried out. In the first two series
which were for a disk and a sphere respectively, we investigated the variation
in the flow picture when the Reynolds number was varied while the Mach number
was held constant at M = 3.7-3.8. In the third series of measurements, invol-
ving the flow around the sphere, the Reynolds number was kept constant, R, =
90-100, while the Mach number was varied in the range 2.6 < M < 5.8. The table
shows the specific parameters for each of the experiments in the series.

The Reynolds number R, was computed relative to the conditions of incident
flow and body radius r°. The Lennard-Jones molecular model [7] was used when
the coefficient of viscosity and the mean free path were determined.

Experiments were conducted in a low-density wind tunnel [8]. The Mach
number M was determined by measuring the total pressure head with an attachment
[8]. The isentropic care of the rarefied supersonic flow had a dimension of
20 to 25 mm in all cases. The air in the receiver was at room temperature in
all cases.
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Figure 1. Density Fields and the Representation of Flow
in Front of the Disk when M = 3.75-3.8; Ro = 52, 35, 2k, 12.

The density fields were determined with the aid of an electrom probe [1,
2]. The basic components of the apparatus [2] were the electron gun and
electron detector (Faraday cylinder), installed on both sides of the axisym-
metric gas flow on a common coordinate setting device which was thus capable
of moving the source-detector system along the axis of the nozzle (along the
X axis) as well as up and down (along the y axis). The electron beam which
passed perpendicular to the gas flow (the z axis) was scattered by the mole-
cules of this flow and the detector recorded only those electrons which

passed through without a '"moticeable" deflection. The aperture angle of the

detector was on the order of 10_3 rad. The three-dimensional resolution of

the method was 0.25 mm. The measurement process consisted of finding the dis-
tribution of electron beam intensity I(x, y) recorded by the detector as a

function of the coordinate y at some cross section x of the investigated axi-
symmetric flow. The distribution of local density p(r, x) for this cross

section as a function of distance r from the flow axis was determined after the /110
numerical integration of expression [1, 2].
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in which pg is the density outside the flow in the unperturbed region of the

wind tunnel pressure chamber, u is the mass attenuation coefficient of the
electron beam.
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Figure 2. The Density Field and the
Visualization of Flow in Front of a Sphere
when M = 3.7-3.8; R, = 100, 52, 35.

Expression (1) follows from the attenuation law [9] for the electron beam
current recorded by a detector with a narrow aperture. 1In the case of homo-
geneous distribution of density in the test space this law has the form

In/—1lnly = —pplL (2)

where I0 is the intensity of the electron beam at the output from the source

when L is the distance between the source and the detector. This attenuation
law is satisfied quite well when distance L does not significantly exceed the
mean free path of electrons in the investigated gas [1], i.e., when ppL < 1.
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In our experiments the best sensitivity of the method was provided by
selecting parameters such that the condition ppL = 1 was satisfied. This was
achieved by varying the quantity u. This, in turn, was achieved by varying
the energy of the electron beam. Expression (2) was used to determine the
attenuation coefficient from attenuation measurements on the electron beam in
the chamber with air at rest whose temperature was constant and whose pressure
was varied. The linear relationship between In I and the pressure p has shown
that the attenuation law (2) is applicable. This relationship was established
during measurements up to pressures for which distance L between the source
and the detector was several mean free electron paths in the investigated gas.
Measurements of coefficient u for air were carried out in the range of energies /111
from 1 to 3 kev and showed that, for the given equipment geometry, the varia-
tion in u as a function of accelerating voltage V is well described by the

relationship y = 7.75 x 105 V07 cn?/g (v, in volts).
The maximum error incurred when the density was determined by means of
equation (1) was 10 to 15%.

The distribution I (x, y) was measured at a sufficiently removed distance
up along the flow from the blunt body. This made it possible to determine the
density distribution p(r, #») in the unperturbed incident flow. The value of
the density p, in the unperturbed isentropic care of the flow, established via
the above method, was compared with the value computed from the experimental
M number. It was shown that the results obtained by the two different methods
were in good agreement.
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100; M = 2.6, 3.7, 5.8.




Figures 1-3 show equal density lines £ = p/p, in the vicinity of the
frontal critical point of the blunt body for the three series of experiments
described in the table. The order of flow pictures arrangement for different
M and R, is the same as in the table and corresponds to an increase in the
Knudsen number from the left to the right. The distances are plotted along
the coordinate axes in millimeters. These figures show photographs of the
flow obtained by the glow discharge method [10], in the same order, for the
purpose of their qualitative comparison with experimental density fields.

Figures 1-3 can be used to trace the increase in the dimension of the
perturbed region in front of the body as the incident flow becomes more rare-
fied. In the case of continuum flow the value of the perturbed region in
front of the blunt body is equal to continuum departure A of the shock wave.
In free molecular flow it is determined by the mean free path of molecules
reflected from the body in the incident field [11]. It is obvious that this
region increases as the gas density decreases.

The results shown in Figures 1-3 pertain to the transition state of the
flow when the mechanism of continuum flow gradually transforms into the
mechanism of discrete collisions.

The relative density profiles & = p/po along the flow axis are shown in
Figures 4-6 for flows around blunt bodies investigated in this work.

In addition to experimental curves, these figures also show the position
of the detached shock wave during continuum flow. It is clear from these
figures that in addition to an increase in the dimension of the perturbed
region, the increase in the Knudsen number A»/r° is accompanied by a decrease
in the density PO in the vicinity of the frontal critical point compared with

its value in continuum flow.

Let us consider in greater detail the case of rarefied flow around a
disk with Mach number M = 3.75-3.8 and Reynolds number Rw varying in the limits
12 < R, < 52 (Figure 4). When Re, = 52 the density profile breaks down quite
clearly into two regions: the diffused front of the shock wave and a region
of slower compression where the pressure gradient is small while the value of
the pressure itself is slightly smaller than the value corresponding to con-
tinuum flow of a diatomic gas around a blunt body.

- The mean free path of the molecules in the second region is substantially
less than the dimension of the body, which makes it possible to assume that
the flow here is close to continuum flow. The thickness of the boundary layer
in the vicinity of the frontal critical point, computed by the method which is
valid when Re = @ [12], has a value of 0.4r°. This is substantially less than
the thickness of the shock wave front. For practical purposes the shock wave
and the boundary layer do not overlap.

We can conclude from Figure 4 that for flow with Re = 35 and 24 the
shock wave has filled the entire perturbed region in front of the disk and has
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engulfed the boundary layer. The thickness and structure of the boundary layer
cannot be computed by any known methods.
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Figure 4. Flow Around a Disk Figure 5. Flow Around a Sphere
at M = 3.75-3.8: a - R, = 52, at M = 3.7-3.8: a - Ro = 100,
b - R, =235, c=~Rg,=24, d- b - Ro =52, ¢ = Roe =35, d -
Re = 12, e - R, = =, vy = 7/5, Ro = o, vy = 7/5, e = Ro = @,
f =~ Re = ®, vy = 5/3, y = 5/3.
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Figure 6. Flow Around a Figure 7. a - R = 52, b - Rw=
Sphere with R, = 90-100: 35, ¢ = Rwo = 24, d - Re = 12.
a-M=26,b-M=3.7,
C-M:S.g,d—Rm=m’
y = 7/5.

Indeed the structure of the boundary layer now depends to a great extent
on processes in the shock wave which are characterized by the discrete nature
of the medium and by large deviations from equilibrium. We can see from
Figure 4 that when R, = 35 and 24 the measured value of the density p,( near

the frontal critical point turns out to be close to the value which corresponds
to continuum flow of a monotomic gas. (y = 5/3).

When R_ = 12 the shock wave ahead of the blunt body disappears. The den-
sity profile characteristic of a shock wave is completely absent. Figure 7
shows the density profiles for the case of flow around a disk under consider-
ation at M = 3.75-3.8 as a function of the distance x/A« from the frontal
critical point, reduced to the mean free path in the incident flow. A similar
picture showing a change in the nature of flow when the density of the incident
flux is decreased, is observed for the second and third series of experiments
(Figures 5, 6). It is interesting to note that the disappearance of the shock



wave in front of the body is observed in all cases when the mean free path in /113
} the incident flow A~ is approximately equal to the value of continuum detach-
i ment A of the shock wave from the corresponding body.

A more graphic picture concerning the evolution of the compressed layer in
front of the blunt body may be obtained if its distance from the frontal
critical point is expressed in terms of the local mean free path A(x). We
introduce the variable

¢ dz 4L o QEr(RT/e)
'l——S —7:5 (3)

—‘:’ Qen* (kT .. [¢) £

which represents the number of local mean free paths which can be arranged

*

! along the segment (0, x). The functions 9(22) (KT/€) in expression (3) are
obtained when the viscosity coefficient is computed [7]. We may assume that
the parameter gives a rough approximation of the number of collisions which a
certain selected molecule undergoes on the average when transversing the path
from point x to point x = 0. When equation (3) was used in the calculations
it was assumed that the temperature T profile was similar to the experimental
density profile

T—Ta p—p- A
T._Tn Pxo ™ P ( )

and experimental data presented in [7] for the Lennard-Jones potential were
(22)*

used to cdmﬁute Q (KT(E).
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Figure 8. a - R, = 52, b -
Ro = 35, ¢ - Ry = 24, d -
R, = 12.

The results of the processing experimental data for the case of flow
around a disk for M = 3.75-3.8 and 12 < Rw < 52 are shown in Figure 8.

An examination of Figure 8 enables us to conclude that when the flow be-
comes more rarefied the number of collisions experienced by a molecule as it
passes through the perturbed layer in front of the body gradually decreases.




This effect will produce a situation where, after some moment of time, the
internal degrees of freedom of the molecules arriving in the vicinity of the
frontal critical point will not have enough time to adjust to the temperature
of the forward motion. As the density is further decreased the translational
degrees of freedom will also be unable to reach their equilibrium state.

Under our experimental conditions (TO ~ 300°K) only the translational and

rotational degrees of freedom could be excited. Assuming that the latter are
inert degrees of freedom and assuming also that the active translational de-
grees of freedom enter into complete equilibrium at the front critical point,
we can find the state of the gas at this point in the case where the rotation-
al temperature is completely frozen. The state of the gas in the receiver, in
the incident flow and at the front critical point for such a flow may be ex-
pressed in the form of the double equality

CpTo,= Cplroo + corT e + Yout = szTgo + ¢erTa (5)

Here u and T, are the velocity and temperature in the incident flow, cpt

is the specific heat at constant pressure of the gas which has only transla-
tional degrees of freedom, S is the specific heat corresponding to the ro-

tational degrees of freedom of a diatomic gas, cp = opt te It is also

assumed in Expression (5) that the transition of the gas from the state in the
receiver to the state in the incident flow is in equilibrium.

On the other hand, in the case of high density fluxes when the number of
collisions is sufficiently large and rotation has time to relax to its equili-
brium state, relation (5) has the form

CPT0= CptTw'*"crrTw'l" ’/zuz = cplTo‘*'crrTO (6)

If we now combine the left and right sides of (5) and (6), substituting
cpt and C o by their numerical values, equal respectively to 5/2R and R (R is

the gas constant), and disregard the quantity chTw in the right side of (5)

compared with cvrT we find that the gas temperature in the vicinity of the

0
front critical point of the blunt body TwO exceeds the stagnation temperature

TO by a factor 1.4 if the rotational degfees of freedom are frozen. When the

density of the incident flux is increased the rotational degrees of freedom /114
become excited when they pass the compressed layer in front of the body and the
temperature TwO'begins to approach the temperature TO. Finally, for continuum
flow Two = TO' The variation in temperature TwO in the vicinity of the front
critical point of the blunt body during changes in the density of the incident
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flux may be established by using the equation of state = Rp and the
y y q Pyo wl wo

values of Pw measured in our experiments, or the measurements of Pw obtained

0 0

by the total pressure attachment [8]. The latter work was carried out in the
same wind tunnel with the same nozzles as used in our tests. The attachments
have the form of spheres and cylinders with a flat end. The R, number in this
work was computed from the diameter of the attachment 2r0 and from the visco-
sity established from the Sutherland's model with the constant C = 114. For
-eur purposes, these Ro numbers were recomputed in accordance with the Lennard-

Jones model and reduced to the radius rO. After this the known values of Pwo

and Pwo for the same M and R, were used to determine the temperatures Two at

the front critical point of the body. The results corresponding to all experi-
ments shown in the table are represented in Figure 9 as a function T = TwO/TO

of the ratio A/A»., We can see from this figure that the ratio TwO/TO both for

the disk and for the sphere has approximately the same value in the investi-
gated range of Knudsen number where A/i~ is the same. It is interesting to
note that the correction in [8] to the readings of the total pressure attach-
ments displays the same behavior.
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Figure 9. 1 - First Series of

experiments (table); 2- Second
Series of Experiments (table);

3 - Third Series of Experiments
(table); 4 - Experiment for Flow
Around the Disc at M = 6, R, =
170 (see [31).

An increase in Two/Tb during a decrease in the parameter A/A» is asso-

ciated with a delay in the establishment of equilibrium in rotational and
translational degrees of freedom. When A/A» =~ 2 the experimental value of

Twn/Tn turns out to be equal to the corresponding value in a flow with frozen
v 1%

rotational degrees of freedom. However, this result apparently has no absolute
meaning. Indeed the translational degrees of freedom cease to be established
somewhat earlier when A/A» > 2 while the rotational degrees of freedom, in
turn, continue to be excited even when A/A«= < 2, Flow with a delay in the
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rotational degrees of freedom when the translational degrees of freedom are
established, takes place somewhat earlier, somewhere in the region 3 < A/ix <
10.

When A/X~ < 2 the determination of temperature Two by the formal applica-

tion of the equations of state becomes invalid. The increase in the quantity
'TwO/TO in this region above the value of 1.4 established above is explained by

the fact that Tw actually contains the kinetic energy of the mass movement

0
and this energy is no longer equal to zero in the vicinity of the front criti-
cal point. Furthermore the state of the gas here depends substantially on the
nature of the molecular reflection from the surface. Therefore the points in
Figure 9 obtained from the experiments for A/A» < 2 should be considered only
from a qualitative standpoint.

In summarizing the investigation we can maintain that an increase in the
thickness of the detached shock wave in front of a blunt body, when the density
of the incident flow is lowered, leads to the beginning of relaxation effeccts
in the compressed gas layer ahead of the body. As the gas is further rarefied
the shock wave in front of the body disappears and a state of free molecular
flow occurs. The relation A & A» establishes the point at which the shock
wave disappears. The ratio of the continuum shock wave detachment distance A
from the body to the mean free path in the incident flow A= may be considered
as the flow criterion before the shock wave disappears. A stricter criterion
is the number of collisions experienced by a given molecule as it passes
through the perturbed layer in front of the blunt body.

The author is grateful to G. I. Petrov and V. S. Avduyevskiy for their
consideration of the results of this work and to V. G. Voytichenko and Z. A.
Barikov for their assistance in carrying out the experiments.
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